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Ceramic  bodies  having  compositions  in  the  6',  B'-15R,  and^-0'  phase  fields 

in  the  S^N^  -SiC>2-Al203-Si02  system  which  are  prepared  using  fine  grained 
constitutents  cannot  be  sintered  to  high  density,  since  little  or  no  liquid 
foi.ms  during  normal  firing  schedules.  ’8/,-X  phase  bodies,  however,  sinter  to 
near  theoretical  density  as  a result  of  the  presence  of  a liquid  phase  under 
equilibrium  conditions  at  temperatures  above  about  1750°C.  One  such  body, 
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and  13706C  flexural  strength,  1370PC  creep, *1000  and  1400°C  static  oxidation 
behavior,  and  Mach  0.8  flame  erosion  at  1270  C. 

% Attempts  were  made  to  supply  a transient  liquid  to  effect  sintering  of 
y , ' gr'-lSR,  and  "S' -O'  bodies  by  controlling  particle  size  distributions  of 
different  constituent  phases.  There  was  evidence  that  in  fact  transient 
liquids  were  induced  at  temperatures  above  1750°C,  but  solid  phase  particle 
bridging  effects  prevented  gross  shrinkage. 

It  seems  highly  likely  that  the  application  of  pressure  at  temperature 
to  such  formulations  could  yield  the  desired  resul t — dense^V*  based  materials 
that  contain  neither  residual  glass  nor  X phase. 
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A.  Background 

Hot  pressed  SijN^  would  appear  to  have  potential  applications  in  gas 
turbines  operating  at  high  temperature.  The  great  expense  of  machining  parts 
trom  this  material  is  prohibitive  however,  and  alternative  materials  are  sought 
that  could  be  formed  to  near  net  shape  by  conventional  sintering  techniques, 
tar ly  reports  indicated  that  mixtures  of  Si3N4  and  A1203  could  be  sintered  to 
fully  dense  bodies  hav  ng  the  same  crystal  structure  as,  and  properties  compar- 
able to,  SijN^.  These  reports  stimulated  further  research  in  the  fabrication 
and  characterization  of  B1  solid  solutions.  More  recent  work  has  shown  that  B1 
silid  solutions  have  an  extended  narrow  homogeneity  range  in  the  Si-Al-O-N  dia- 
gram given  by  the  formulat  Si-,  Al  O N,  . Solid  phase  compatibility  rela- 
t ions  tor  the  system  have  been  proposed  by  Guackler  et  al  (Kef.  1)  and  by  Jack 
(Kef.  2).  Previous  work  at  UTRC  done  under  contract  to  the  Department  of  the 
N ivy  (Kef.  3)  has  shown  that  the  B'  Si3_xAl  0XN^_X  compositions,  like  pure 
SijN^,  do  not  sinter,  and  that  the  reason  SijN^-Al203  mixtures  do  sinter  is 
because  some  liquid  is  present  at  sintering  temperature.  The  extent  of  the 
liquid  and  liquid-solid  regions  at  lb50°G  and  1730°G  were  determined  in  Kef.  3. 
Recent  work  by  Naik  et  al . (Ref.  4)  has  confirmed  the  essential  features  of 
tie  isothermal  sections  proposed  in  Kef.  i and  has  established  tie-lines  be- 
tween 8'  solid  solutions  and  equilibrium  liquid  phase  compositions  at  1730°G. 
Tie  1750°G  isothermal  sections  of  Layden  and  Naik  et  al  are  presented 
in  Figs.  1 and  2,  respectively.  Figure  1 has  been  replotted  in  equivalent 
percent  from  the  original  work  and  reoriented  to  correspond  to  the  style  of 
representation  used  by  Gauckler,  by  Jack,  and  by  Naik. 

Prior  work  by  th£,,aythor  (Kef.  5)  attempted  to  produce  single  phase  8' 
solid  solutions  by  a transient  liquid  phase  process.  The  technique  employed 
can  be  understood  in  terms  of  the  lb50°G  and  175U°C  isothermal  sections. 

Tne  1650°C  section  is  shown  as  Fig.  3.  Several  compositions  have  been  indi- 
cated on  the  figure  which  are  relevant  to  the  following  discussion.  As  with 
Fig.  1,  this  section  has  been  replotted  from  Ref.  1.  Two  preacted  composi- 
tions were  prepared:  composition  a (X  phase)  which  is  liquid  above  about  1750°C 
and  composition  c which  consists  of  a mixture  of  8'  and  15R  solid  solutions. 
These  two  complementary  compositions  were  mixed  in  the  proper  ratio  to  yield 
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composition  b.  It  was  assumed  that  at  temperatures  above  1750°C  liquid  of 
composition  a would  react  with  composition  c constituents  and  homogenize  to 
single  phase  composition  b.  Fully  dense  bodies  were  produced  using  these 
techniques.  Micrographs  of  one  such  body  are  shown  in  Fig.  4.  Such  bodies 
frequently  appeared  to  be  single  phase  to  x-rays,  but  microscopic  examination 
disclosed  the  presence  of  a grain  boundary  phase  or  phases  (presumably  glass 
or  X-phase),  and  the  mechanical  properties  of  these  bodies  were  poor.  Mean 
room  temperature  flexural  strength  of  210  MPa  (30  ksi)  falling  to  180  MPa  (26 
ksi)  at  1370'C.  Long  term  heat  treatments  of  such  bodies  did  not  improve 
properties,  and  it  was  concluded  that  either  1)  residual  glassy  phase  in  the 
bodies  is  difficult  to  crystallize,  or  2)  unaccounted-for  deviations  from 
assumed  stoichiometry  placed  the  true  overall  compositions  in  the  two-phase 
field  6 ' -X  rather  than  on  the  B'  line.  Altering  compositions  so  as  to  move 
assumed  compositions  away  from  X phase  resulted  in  some  improvement  in  proper- 
ties to  a point,  but  also  resulted  in  more  porous  bodies.  Bodies  whose  overall 
exposition  fell  unambiguously  inside  the  8'  - 15R  or  8'  - fields  did 

not  sinter  appreciably.  By  way  of  contrast  to  Fig.  4,  micrographs  of  some 
smtered  fine  grained  6'  - 15R  samples  are  shown  in  Fig.  5. 

The  above  studied  processing  techniques  employed  co-milling  of  the 
prereacted  compositions  a and  c in  order  to  achieve  intimate  mixing  of  finely 
ground  constituent  phases.  Such  fine  mixtures  can  react  in  the  solid  state 
during  heat-up  to  firing  temperature,  and  it  is  possible  under  such  conditions 
that  no  liquid  forms  unless  overall  compositions  actually  fall  in  the  8'  - X 
field.  This  appears  to  be  the  most  probably  explanation  of  results  presented 
in  Ref.  5. 


B.  Objectives  and  Approaches 

The  intial  objective  of  the  present  work  was  to  develop  processing 
techniques  to  produce  densely  sintered  SiAlON  bodies  which  were  free  of  either 
residual  glass  or  X phase.  Several  approaches  to  this  goal  were  considered, 
but  the  basic  premise  in  all  of  them  was  that  the  presence  of  a liquid  of 
composition  near  that  of  X phase  was  required  during  part  of  the  firing  sched- 
ule. The  approaches  differed  in  the  conceptual  way  of  supplying,  and  later 
"drying-up,"  the  liquid.  The  first  approach  employed  mixtures  of  fine  grained 
compatible  8'  and  15R  phases,  with  coarse  grained  X phase  constituent  (composi- 
tion 12).  It  was  assumed  that  lack  of  intimate  contact  between  the  incompati- 
ble X and  15R  phases  would  prevent  their  reaction  until  the  melting  point  of  X 
phase  was  reached,  at  which  point  X phase  liquid  would  "wet-out"  the  solid 
phase  constituents.  The  second  approach  employed  a fine  grained  mixture  of 
Si^N^  and  A^O-j  constituents  which  would  react  to  form  a mixture  of  8' 
and  liquid,  and  coarse  size  fraction  of  AIN  which  would  not  all  react  in  the 
solid  state  during  heat  up,  and  could  serve  as  a reserve  to  dry-up  the  X phase 
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liquid  during  extended  heat  treatment.  A variation  of  the  second  approach 
employed  a mixture  of  fine  grained  A^Oj  and  Si^N^  with  coarse  grained 
.Si  to  produce  bodies  with  an  overall  compoaiton  in  the  8'  - bi-i^O^ 
field.  A third  approach  was  to  use  fine-grained  mixtures  of  SijN^  and  AI^Oj 
to  produce  dense  bodies  of  8'  - X phase  compositions,  and  later  heat  treat  the 
in  l SR  phase  powder  packs  to  convert  the  grain  boundary  phase. 

None  of  the  above  approaches  was  successful  in  terms  of  producing  a fully 
dense  body  devoid  of  glass  or  X phase.  The  fourth  quarter  of  the  program  was 
therefore  devoted  to  producing  and  characterising  a 6'  - X phase  body  having 
a composition  as  close  to  the  8*  - O'  phase  field  as  possible. 
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II.  EXPERIMENTAL  PROCEDURES 


A.  Characterisation  of  Raw  Materials 

A variety  of  raw  materials  was  investigated  in  order  to  choose  the  types 
of  powders  that  would  be  most  suitable  for  the  purposes  of  this  program.  In 
general,  powders  were  characterised  in  terms  of  phase  by  x-ray  diffraction 
techniques,  (XRD) , morphology  by  scanning  electron  microscopy  (SEM),  metallic 
impurity  content  by  spectrochemical  analysis,  and  volatile  impurity  content  by 
weight  loss  measurements  and  mass  spectrometry.  Spectrochemical  analyses  for 
the  various  powders  are  presented  in  Table  I.  In  the  case  of  nitride  powders, 
oxygen  content  was  determined  by  fast  neutron  activation  analyses  performed  by 
the  Union  Carbide  Corporate  Research  Laboratory.  These  data  are  included  in 
Table  1.  In  the  case  of  two  Si^N^  powders  - GTE  Svlvania  SN402  and  SN502  - 
mass  spect rographic  analysis  of  products  of  room  temperature  outgassing  and  of 
pvrolysis  to  700  C were  performed.  Attempts  were  made  to  determine  total 
nitrogen  content  using  the  Kjeldahl  method  of  various  size  fractions  screened 
trim  AIN  powder,  but  results  were  not  reproducible  to  the  accuracy  required 
and  are  not  reported.  The  handling  and  processing  characteri sties  imparted 
t > batches  as  a result  of  powder  morphologies  were  also  observed  and  were 
important  criteria  in  selecting  materials. 

1 . Si  Powders 


Silicon  nitride  powders  investigated  were:  KBI  high  purity  85  percent  a 
phase  - 325  mesh  powder,  GTE  Sylvania  SN402  "amorphous",  and  SN502  a phase 
powders,  and  Ward  Chemical  Co.  -325  mesh  t?  phase  SijN^. 

Results  of  spectrochemical  analyses  for  impurities,  and  activation  analyses 
for  oxygen  in  the  various  nitride  starting  materials  are  given  in  Table  1. 

Weight  changes  of  pressed  pellets  during  various  heat  treating  regimes  are 
given  in  Table  2.  X-ray  diffraction  data  for  SNh02  powder  subjected  to  the 
various  heat  treatments,  and  other  observations,  are  also  included  in  Table  2. 
Scanning  electron  microscope  photographs  of  particles  of  Kill  and  GTE  Sylvania 
powders  are  shown  in  Figs,  b and  7. 

The  KBI  powder  is  seen  to  consist  of  a broad  range  of  particle  sizes  and 
shapes  typical  of  a milled  product.  A similar  appearance  was  exhibited  hv 
the  Ward  Chemical  powders.  The  SN402  consits  of  a very  narrow  size  range  of 
roughlv  sperical  particles  about  0.2  to  0.8  g in  diameter,  while  the  SN502 
consists  ot  whisker  fragments  of  submicron  di amet ers  and  variable  length. 
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During  the  initial  heating  of  small  pellets  (<  1 gram)  of  these  pu 
nitrogen  (entries  1 through  5 of  Table  2),  the  SN402  powder  exh  i h led  s . 

i ial  weight  loss  of  about  6 percent.  A mat  of  whiskers  and  particulate  material 
was  found  on  the  outside  of  the  SN402  pellets,  and  the  interior  of  the  originally 
white  pellets  had  taken  on  a tan  color.  A SEM  micrograph  of  a portion  of  this 
mat  is  shown  in  Fig.  8.  X-ray  diffraction  analysis  showed  the  mat  to  consist 
primarily  of  a SijN^.  An  unidentified  peak  at  2.95  A was  also  present  in  the 
diffraction  pattern.  It  was  suspected  that  a volatile  impurity,  possibly 
ihloride,  was  present  in  the  SN402  powder  which  contributed  to  a vapor  phase 
transport  mechanism  responsible  for  the  whisker  growth.  Mass  spect rographic 
analysis  showed  that  both  the  SN402  and  SN502  materials  gave  off  water  vapor 
during  room  temperature  outgassing,  and  low  molecular  weight  hydrocarbons  and 
hydrogen  when  pyrolized  to  700°C.  SN502  also  evolved  some  NH^  during  pyroly- 

sis, otherwise  the  spectra  of  SN402  and  SN502  wt re  similar.  No  chlorides  were 
detected  in  the  700*0  pyrolysis  products  of  either  powder.  Experiments  were 
conducted  to  see  it  various  outgassing  procedures  *«re  effective  in  reducing 
the  whisker-growing  tendency  of  the  SN402  powder.  A large  compact  (about  30 
grams,  1.5"  dia.)  of  the  SN402  powder  was  placed  in  a boron  nitride  crucible 
and  heated  slowly  to  1250*0  under  vacuum.  Some  material  was  spilled  from  the 
irucible  during  unloading  so  that  accurate  weight  loss  data  could  not  be 
letrieved.  The  material  had  turned  tan  in  color,  similar  to  SN502  , and  gave  an 
\-ray  pattern  of  a Si^N^.  Reproductions  of  portions  of  the  diffraction  pat- 
terns of  this  and  other  as-received  and  heat  treated  powders  are  shown  in 
lig.  9.  This  material  was  subsequently  heated  in  air  to  600*0  in  order  to  see 
if  the  discoloration  was  due  to  a carbonaceous  lesidue  that  would  burn  off. 

Ihe  material  retained  the  tan  color  after  the  600*0  treatment. 

A second  30  gram  compact  of  as-received  SN402  was  heated  in  air  to  600*0. 
lhis  material  remained  white  and  exhibited  a small  weight  gain  of  0.02  percent. 
This  material  was  subsequently  heated  in  vacuum  to  1180*0.  It  retained  the 
white  color,  and  exhibited  a diffraction  pattern  only  slightly  stronger  than 
the  as-received  material  (see  Fig.  9).  Samples  of  both  the  SN402  powder  heated 
in  air  to  600*0,  and  that  which  was  subsequently  outgassed  to  1180*0,  were 
then  fired  (along  with  control  samples  of  as-received  SN402)  in  nitrogen  to 
1490*0.  The  weight  losses  from  these  variously  treated  SN402  powders  were  all 
nearly  the  same,  but  the  tendency  to  whisker  growth  was  quite  different.  The 
control  samples  again  exhibited  dense  overgrowths  of  a Si^N^  whiskers.  The 
samples  of  material  heated  in  air  to  600*0  showed  a lesser  growth  of  whiskers, 

;,nd  the  samples  subsequently  heated  in  vacuum  to  1180*0  were  essentially  free 
of  whiskers. 

2.  AljOj  Powders 


Two  powders  were  investigated;  Linde  A alumina  micropolish  (0.3  p particle 
size)  and  a nominally  0.03  p particle  size  amorphous  alumina  from  Apache  Chemical 


SEM  micrographs  of  these  powders  are  shown  in  Fig.  10.  Weight  changes  of  the 
alumina  powders  resulting  from  various  heat  treatments  are  given  in  Table  3. 
It  is  clear  from  Table  3 that  unless  special  handling  and  storage  procedures 
are  used,  it  is  not  possible  to  assign  a fixed  A^Oj  content  to  the  Apache 
alumina.  This  is  undoubtedly  the  result  of  variable  water  content  which 
changes  with  atmospheric  conditions. 

3.  AIN  Powders 


Two  AIN  powders  were  used:  Atlantic  Equipment  Engineers  AL106,  and  a-325 
mesh  powder  from  Indussa  Industries.  Optical  transmission  photographs  of  parti- 
cles dispersed  in  oil  having  a refractive  index  of  1.77,  and  SEM  micrographs  of 
representative  particles  of  the  two  powders  are  shown  in  Figs.  11  and  12.  The 
AEE  material  is  seen  to  have  higher  average  particle  size  than  the  Indussa  pow- 
der. In  general,  the  former  material  was  selected  for  screening  and  settling 
into  farily  narrow  particle  size  fractions  when  these  were  required,  and  the 
latter  was  used  when  ball  milled,  fine  grained  master  batches  were  required. 


B.  Sample  Fabrication  Procedures 

A variety  of  sample  preparation  techniques  were  employed  over  the  course 
of  the  program,  the  specifics  of  which  are  best  presented  in  Section  III  of 
this  report  along  with  the  experimental  results.  However,  all  of  the  fabrica- 
t Lon  techniques  can  be  considered  as  built  up  of  several  unit  operations  which 
will  be  described  shortly.  Generally,  batch  preparations  fall  into  one  of  two 
broad  categories:  1)  Those  in  which  all  the  constituents  are  added  in  the 
initial  formulation  and  2)  those  in  which  sub  formulations  having  different 
particle  size  distributions  are  blended  to  yield  the  end  composition.  For 
cLarity,  these  two  types  of  batches  will  be  referred  to  as  1)  master  batches, 
and  2)  blended  batches,  respectively. 

1 . Unit  Operations 

a)  Batch  ^ormul at  ions 

In  general,  100  gram  master  batch  formulations  took  into  account  the 
or.ygen  content  of  the  Si^N^  and  AIN  constituents,  and  also  the  amount  of 
major  contamination  from  ball  milling  operations.  In  order  to  do  this,  logs 
were  kept  of  the  grinding  media  weight  so  that  material  from  this  source  could 
be  predicted  with  reasonable  accuracy. 

b ) Ba_l  l_ini  l_l_ing 

Master  batch  constituents  were  added  directly  to  16  oz . wide  mouthed 
polyethylene  bottles  which  were  approximately  half  filled  with  a known  weight 
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Fig.  12  Morphology  of  Indussa  —325  mesh  AIIM  powder 
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of  either  reaction-sintered  Si^N^  grinding  media  manufactured  by  Miracle 
Ceramics,  or  Norton  high-alumina  media.  The  chemical  compos iton  of  the  high- 
alumina  media  is  given  in  Table  4,  page  27.  Methanol  was  added  to  cover  the 

charge,  and  was  milling  carried  out  for  the  predetermined  length  of  time, 

dolling  speed  was  set  for  the  different  media  by  adjusting  by  ear  for  maximum 
uniform  grinding  action.  The  motor  control  setting  so  established  was  used  in 
all  subsequent  runs  using  the  given  media. 

c ) Dry_in_g 

Mill  jar  contents  were  emptied  into  wash  bottles.  A large  tray  of  aluminum 
foil  was  constructed,  placed  on  a hot  plate,  and  a smaller  plate  of  1/4"  alumi- 
num was  placed  in  the  center  of  the  tray  and  heated  to  about  100°C.  The  wash 

bottle  was  continuously  agitated  while  the  contents  were  sprayed  onto  the 
hot  alumina  plate.  Evaporation  of  the  methanol  was  rapid,  and  the  dry  powder 
was  periodically  scraped  from  the  plate  into  the  surrounding  tray  using  a 
teflon  scraper. 

d ) Sc reening. 

In  instances  where  test  samples  were  to  be  made  from  master  batch  materials, 
this  was  passed  through  either  a 20  or  100  mesh  screen  in  order  to  break  up  larger 
agglomerates  prior  to  cold  pressing  of  samples.  This  step  was  eliminated  if 
the  master  batch  was  to  be  prereacted  before  blending  with  other  constituents. 

e)  Prereaction  of  master  batches 

The  spray  dried  powder  was  lightly  tamped  into  a 2"  diameter  BN  crucible. 

A lid  was  fixed  to  the  crucible  which  was  then  placed  in  the  chamber  of  a 
carbon  resistance  element  furnace.  The  chamber  was  slowly  evacuated,  then 
back-filled  with  nitrogen,  and  the  sample  fired  to  the  desired  temperature. 

f)  Preparation  of_X  phase  powders 

Prior  to  preparing  the  X-phase  powders,  some  melting  experiments  were 
performed  on  two  proposed  X-phase  compositions.  These  will  be  described  in 
Section  II,  C2 . Following  these  experiments,  a batch  of  composition  Si3Al5°i2N2 
was  prereacted  as  described  above.  Pellets  of  the  prereacted  powder  were  cold 
pressed  and  placed  in  a BN  crucible,  and  malted  at  1760*C.  The  cooled  (crystal- 
lized) material  was  crushed  using  a tool  steel  mortar  and  pestal . A magnet  was 
passed  through  the  crushed  material  until  no  further  pick  up  of  steel  particles 
was  observed. 


g)  Preparation  of  coarse  Si-jN^  powder 


Coarse  grained  Si^N^  was  initially  obtained  by  crushing  some  of  the 
Miracle  Ceramics  Si^N^  grinding  cylinders  with  the  steel  mortar  and  pestle 
to  obtain  material  in  the  -100  mesh  range.  Finer  material  was  produced  by  dry 
ball  milling  the  -100  mesh  powder  using  Si-jN^  media.  After  each  one  hour 
increment  of  milling,  the  -3 25  mesh  fraction  was  collected,  and  the  remainder 
leturned  for  further  milling.  An  attempt  was  made  to  remove  iron  contamination 
introduced  from  the  steel  mortar,  but  it  was  discovered  that  the  crushed  powder 
itself  contained  a magnetic  impurity.  (Even  the  original  grinding  cylinders 
were  attracted  to  a strong  magnet).  After  some  initial  experiments  using  the 
crushed  grinding  cylinders,  a source  of  fairly  coarse  grained  Si-^N^  was 
located  (Ward  Chemical  Corporation). 

h)  Particle  size  separation 


Particle  size  fractions  in  the  ranges  -100+200,  -200+325,  and  -325  mesh 
were  obtained  by  screening. 

2)  Sediment  at i on 

The  screened  nominal  particle  size  fractions  contained  substantial  amounts 
of  finer  material  ranging  in  size  down  to  the  limits  of  resolution  of  the 
optical  microscope.  The  coarse  fractions  were  "cleaned  up",  and  the  -325  mesh 
tractions  of  X-phase,  AL106  AIN,  and  the  crushed  and  milled  Si^N^  cylinders 
were  cut  to  about  -44  +10  » fractions  by  the  following  technique.  The  screened 
tractions  were  placed  in  graduated  cylinders  which  were  filled  with  methanol 
to  a height  of  about  10  cm.  These  were  stoppered  and  shaken,  then  allowed  to 
stand  for  10  minutes  after  which  the  liquid  holding  the  fine  suspended  part i- 
i les  was  decanted.  This  was  repeated  five  times  and  removed  most  of  the 
mat  er i a l he 1 ow  abou t 10  'b 

The  above  technique  was  not  suitable  for  use  with  the  Ward  -325  mesh 
Si3N4  powder  because  of  the  relatively  higher  concentration  of  -10  U 
material,  and  the  tendency  for  this  to  agglomerate  in  methanol.  The  fine 
material  was  removed  from  this  material  using  the  following  technique.  About 
'5  grams  of  Ward  Si-^N^  and  2 drops  of  Tergitol  15S-9  were  added  to  400  ml 
of  distilled  water  in  a 1000  ml  beaker.  This  was  stirred  vigorously, 
allowed  to  settle  for  20  minutes,  then  the  liquid  decanted.  Fresh  water  was 
the  added,  and  the  procedure  repeated  four  times.  The  sediment  was  then 
stirred  in  a fresh  change  of  acetone  several  times,  then  allowed  to  dry. 


2 1 


i)  Fine^coarse  particle  blending 


Three  techniques  for  blending  fine  and  coarse  grained  powders  wore  employed 
I'hese  were:  1)  tumbling  the  processed  constituents  dry  m a twin  shell  blender, 
2)  preparing  a slurry  of  the  constituent  powders  and  acetone  in  a large  mortar 
and  stirring  tins  with  a nylon  rod  until  sufficient  acetone  add  evaporated  so 
that  the  slurry  became  "stiff".  The  stiff  slurry  was  then  allowed  to  dry  with- 
out further  agitation.  The  dried  cake  was  broken  up  by  light  hand  grinding, 
then  passed  through  a 20  mesh  screen.  J)  The  constituent  powdeis  were  nulled 
tor  2 hours  under  methanol  m polyethylene  jars  using  1/2"  diameter  polysty- 
rene balls.  In  some  instances,  2 w/o  (solids  basis)  ot  carbowax  was  was  added  i c 
the  mill  to  serve  as  a binder  when  the  powders  were  pressed  into  bars.  The 
ball  mill  charge  was  then  spray  dried  as  described  in  Section  11  Blc  above. 

| ) Pro  ss i ng  o t t e s t s amp l e s 

Samples  were  pressed  in  either  cylindrical  or  rectangular  steel  molds  at 
a pressure  ot  about  10,000  psi.  These  were  the  placed  into  rubber  bags  and 
isos t a t ic a 1 ly  repressed.  Early  samples  were  pressed  to  b0  psi.  failure  ot 
the  large  isostatic  press  limited  later  samples  to  JO  psi.  Pressure  will  be 
indicated  in  subsequent  tables.  Rectangular  ba>s  had  dimensions  approximate- 
ly s cm  x 0.9b  cm  x 0.40  cm. 

k)  Calejuung  test  bars 

Bars  which  were  pressed  from  powders  containing  carbowax  binder  were 
heated  in  air  to  b00*C  to  burn  out  the  binder  prior  to  firing. 

V)  firing  of  pressed  samples 

Pressed  bars  were  fired  in  BN  crucibles  m one  ot  several  configurations. 

In  cont igur at  ion  l,  samples  were  tree  standing  in  the  crucibles  with  bar 
samples  standing  vertically.  In  configuration  , samples  were  packed  in  pow- 
der ot  one  of  the  master  batch  compositions.  In  configuration  J,  previously 
tired  SiAlON  bars  were  used  to  construct  a chamber  inside  the  BN  crucible  m 
which  the  untired  bars  were  nested.  The  spaces  between  the  chamber  and  the  BN 
crucible  were  filled  with  a mixture  of  untired  powder  and  grog  obtained  bv 
crushing  some  previously  tired  SiAlON  bars.  The  conf igurat ion  and  powder  pack 
composition,  it  used,  will  be  identified  in  the  appropriate  tables.  BN  lids 
were  placed  on  the  crucibles  which  were  then  placed  in  graphite  holders  which 
had  screw  tops  to  hold  the  lids  in  place  during  evacuation.  The  crucible  and 
holder  assemblies  were  placed  in  a graphite  resistance  element  furnace.  The 
furnace  chamber  was  evacuated  and  back-tilled  with  nitrogen  to  atmospheric  pres- 
sure a total  ot  three  times,  then  a slow  tlow  ot  nitrogen  maintained  through 


the  furnace  eduring  firing.  A variety  of  heating  schedules  were  employed  which 
will  be  identified  in  the  appropriate  text  or  tables. 

m)  H_eat_treatment  of  samples 

Selected  samples  were  packed  in  powder  of  composition  SiAl^O.jN^  ( 1 SR 
phase)  inside  BN  crucibles  and  heated  on  different  schedules  in  nitrogen 
atmosphere . 


C.  Sample  Characterization 


1 ) Prepared  Powders 

Phase  identification  of  prereacted  powders  was  made  using  XRD  techniques. 
Particle  size  and  morphology  of  milled  hatches  were  assessed  by  SKM  examina- 
tion of  u 1 t rason ic al ly  dispersed  powders.  The  various  particle  size  fractions 
obtained  by  screening  and  sedimentation  were  examined  by  optical  transmission 
microscopy  of  powders  dispersed  in  oil  under  cover  glasses  on  microscope 
s 1 ides  . 

2 ) Melting  Point  Determination 

Pellets  pressed  from  prereacted  powders  of  X phase  composition  were  placed 
in  small  BN  crucibles  in  the  graphite  furnace.  The  furnace  was  then  heated  to 
different  temperatures,  and  a W-Re  thermocouple  in  close  proximity  to  the  pel- 
lets recorded  their  temperature.  The  melting  temperature  was  bracketed  hv 
visual  and  metal lographic  examination  of  the  crucible  contents  following  cool 
down  to  room  temperature. 

1)  Characterization  of  Fired  Test  Specimens 
a)  MicrosU-uctural  examination 

Bulk  density,  specific  gravity,  and  apparent  porosity  of  sintered  specimens 
were  determined  by  ASTM  test  C373-5.  Microstructures  were  examined  on  polished 
and  etched  sections  of  test  samples  using  optical  microscopy  and,  in  selected 

l) 

instances,  SKM  and  EDAX  (Energy  Dispersive  Analyses  of  x-ravs).  Also  in 
selected  instances,  x-ray  diffraction  patterns  were  obtained  either  from  the 
surfaces  test  bars  or  from  crushed  and  ground  samples.  Surfaces  of  selected 
samples  that  had  been  heat  treated  in  packed  powder  were  examined  by  XRD  after 
successive  depths  of  material  had  been  removed  bv  surface  grinding. 


b)  Modulus  of  rupture  testing 


Test  bars  were  ground  flat  and  parallel  to  approximate  dimensions  0.10"  - 
2.5"  x 1.25",  and  one  surface  was  polished  through  600  grit  SiC  paper. 

The  edges  of  the  polished  tensile  surface  were  beveled  about  0.01"  at  a 4"* 
.ingle.  Room  temperature  strength  measurements  were  conducted  in  four-point 
flexure  with  the  outer  span  of  0.75"  and  the  inner  span  0.375".  Cross-head 
speed  was  0.02"/min.  strength  measurements  at  1370°C  were  conducted  in  three- 
point  flexure  with  a span  of  0.75".  Selected  fracture  surfaces  were  examined 
in  the  SEM  in  an  attempt  to  identify  the  nature  of  the  flaws  that  controlled 
strength . 


c . Cree£  t_est  injj 

Specimens  in  the  above  configuration  were  loaded  to  10  ksi  in  three-point 
flexure  at  1370°C  under  argon  atmosphere  using  tungsten  loading  pins,  and 
deflection-time  curves  obtained.  Strain  was  calculated  from  the  formula 


_ 2h  ( n+2  ) .. 
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where  h = specimen  thickness 
L = span 

v^  = cross-head  displacement 
n = the  empirical  stress  exponent  ot 


creep  rate. 


The  stress  exponent  n was  assigned  the  number  1.75. 

d.  Static  oxidation  testing 

All  surfaces  of  rectangular  specimens  were  polished  through  POO  grit  SiC 
paper,  and  the  geometrical  surface  area  of  the  specimen  was  measured.  Samples 
were  weighed  to  the  nearest  tenth  of  a milligrar  and  placed  on  a platinum  trav 
that  was  constructed  so  as  to  support  the  specimens  along  two  lines  of  contact 
and  leave  all  surfaces  exposed  to  the  atmosphere.  The  samples  were  introduced 
into  a preheated  furnace  in  air  atmosphere  and  removed  from  the  furnace  period 
ically,  and  weighted.  X-ray  diffraction  patterns  were  obtained  from  the  oxi- 
dized surface,  then  the  sample  mounted  in  resin,  polished,  and  examined  metal- 
lographical ly . 
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e.  Dynamic  oxidation  - «rosi_oii  testing^ 


I < 


The  erosion  test  apparatus  is  shown  in  Fig.  13.  The  test  sample  was 
clamped  between  refractory  brick  jaws  mounted  on  a traverse  table.  The  sample 
.<nd  table  were  aligned  in  front  of  the  orifice  of  a propane  - oxygen  torch 
prior  to  ignition  so  that  the  flame  would  impinge  on  the  sample  surface  at  20° 
incidence.  The  sample  was  then  withdrawn  from  position,  and  torch  ignited  and 
brought  to  approximate  steady  state  operating  conditions.  The  sample  was  then 
driven  into  the  predetermined  position,  and  the  torch  fine-tuned  to  give:  the 
desired  surface  temperature  and  flame  velocity.  Surface  temperature  war  sensed 
by  a radiation  pyrometer  focused  on  the  hottest  spot  of  the  sample  and  was 
recorded  throughout  the  run.  Flame  velocity  was  calculated  from  chamber  pres- 
sure. Erosion  was  judged  qualitatively  by  SEM  examination  of  eroded  surfaces. 


TABLE  4 


Composition  of  High  Alumina 
Grinding  Media 


A]  2^3 

88 

Si02 

10 

CaO 

0.5 

Na20 

0.7 

k2o 

0.3 

Fe2C>3 

0.3 

Ti02 

0. 1 
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Fig.  13  Erosion  Test  Apparatus 


III.  EXPERIMENTAL  RESULTS 


A.  Organization 

The  results  of  the  various  processing  investigations  will  be  organized  in 
terms  of  the  different  approaches  that  were  set  forth  in  the  introduction  and 
the  phase  field  in  which  the  composition  of  the  body  under  consideration  lies. 
The  sintering  and  microstructural  characteristics  of  the  variously  formulated 
bodies  will  be  considered  first,  then  the  physical  properties  of  those  bodies 
that  were  tested  will  be  discussed. 


B.  Process  1-8'  Bodies 

1)  Compositions  St  died 

Compositions  studied  are  plotted  on  Fig.  3.  The  chemical  formulae  and 
assumed  phase  identities  for  the  indicated  compositions  are  listed  in  Table  5. 


TABLE  5 

PROCESS  1 
COMPOSITIONS 

(See  Figure  3) 


Compos  it  ion 
Number 


Formula 


A Phase 


q 

SU1,0,N, 

»♦  *4 

15R 

10 

SItAI  0 N-, 

s‘l 

11 

Si10Al15°32N7 

X (Niak3) 

12 

Si3Al6012N2 

X (Layder.l) 

15 

Si1.5A11.5°1.5N2.5 

S'l.5 

Recent  work  by  Naik  et  al.  (Ref.  4)  has  assigned  the  composition  Si^gSl^O^N^ 
to  X-phase.  Our  previous  work  (Ref.  3)  found  Si -AlgO^-iN-i  to  be  essentially 
single  phase  X,  and  our  interpretation  of  the  phases  observed  in  adjacent 
compositions  cooled  from  different  temperatures  suggested  that  the  homogeneity 
range  of  X phase  probably  extended  to  about  Si-j  t)Al^  5^11  5R9  5 as  shown  in 
Fig.  3.  This  may  be  written  as  Siq  gAlj^  7N7  which  is  essentially  identical 

with  the  composition  assigned  by  Naik.  The  end  members  of  the  15R  solid  solution 
series  have  not  been  established  precisely,  nor  have  the  tie  lines  between  15R 
and  B 1 compositions,  but  we  assume  them  to  be  approximately  as  indicated  on  Fig. 
3. 


21  Prereacted  Powders 

Batch  data,  firing  schedules,  and  XRI'  data  for  prereacted  phases  are  given 
in  Table  b.  Except  for  X-phase  powders,  the  initial  firing  was  insufficient 
to  convert  the  powders  to  the  desired  phase.  These  powders  were  lightly  hand 
ground  in  a procelain  mortar  and  refired  as  indicated  in  Table  6.  The  prereacted 
phases  were  character ized  and  further  processed  as  described  below. 

a . X-Phase 

The  assumed  end  members  of  the  X-phase  homogeneity  range  were  prepared. 

Both  gave  very  similar  diffraction  patterns  corresponding  to  X-phase  (Ref.  3, 
p.  lb),  however,  the  pattern  from  the  Si^Al^O-pN^  composition  exhibited  sharper 
peaks  of  greater  intensity,  as  was  also  observed  by  Naik  (Ref.  4).  The  melting 
behavior  of  both  compositions  was  observed  as  described  in  Section  II.  Pellets 
ot  both  compositions  showed  no  evidence  oi  melting  when  heated  to  1700°C,  and 
both  appeared  to  have  been  molten  when  cooled  from  1750°C.  The  cyrstallized  melt 
were  mounted,  polished,  etched  with  HF , and  examined  metallographically . Micro- 
graphs are  shown  in  Fig.  14.  Both  samples  are  seen  to  consist  of  large  crystals 
of  X-phase  which  contain  inclusions  of  small  lath  like  crystals,  probably  £>'. 

The  S i ^qAIj^O^N-  composition  also  exhibited  some  glassy  phase  in  grain  boundaries. 
It  is  not  clear  whether  the  small  inclusions  represent  undissolved  material  in 
the  melts  or  (perhaps  more  likely  on  the  basis  of  morphology)  precipitates  that 
formed  in  the  melts  as  a result  of  changes  in  melt  composition  because  of  dis- 
proportionation. The  crystallized  melts  were  full  of  bubbles,  and  appear  to 
disproportionate  at  temperatures  only  slightly  above  the  melting  point  at  one 
atmosphere  of  nitrogen  pressure. 

Several  large  pellets  of  the  prereacted  X-phase  (Batch  12.1)  were  melted, 
crushed,  and  screened  to  different  particle  size  distributions  as  described 
in  Section  II.  Optical  transmission  photographs  of  different  size  fractions 
dispersed  in  1.72  index  oil  are  shown  in  Fig.  15. 


PROCESS  1 PREREACTED  COMPOSITIONS  FIRING  AND  XRAY  DATA 


(1)  Compensated  for  ball  mill  pick-up  (S^N^)  and  oxygen  content  in  nitride  starting  materials 

(2)  KBI 

(3)  AEE  AL106  A IN 
(A)  Degussa  AIN 

(5)  Unidentified  diffraction  pattern.  See  Table  7. 


a.)  S110AI15O32N4 


Fig.  14  Etched  Sections  of  Crystallized  Melts  of  Proposed  X Phase  Compositions 
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b . R'  and  15R  Phases 

The  15R  phase  composition  batched  from  SijN^,  A 1,0^  and  AIN  (hatches  9.1 
and  9 . 2 of  Table  6),  even  after  the  second  heat  treatment,  did  not  exhibit  t lie 
standard  diffraction  pattern  we  had  previously  reported  for  the  composition 
SiAlqOaN^  (Ref.  3,  p.  17)  although  the  patterns  were  similar.  These  patterns 
are  given  in  Table  7.  It  is  possible  that  a mistake  was  made  in  the  batching 
ot  this  composition.  A second  batch  was  prepared  from  SiO.,  and  AIN  which  yielded 
material  which  exhibited  the  standard  diffraction  pattern  (plus  a trace  of  R') 
alter  the  second  t iring.  The  R*  composition  (composition  10,  Table  6)  was  found 
to  he  r ' plus  a trace  of  Si  (N/(  after  the  second  firing. 

1.  Sample  Fabr  toat_ion 

Steps  in  the  fabrication  of  process  1 samples  are  shown  in  the  flow  sheet  , 
ig.  It',  and  process  details  and  batch  numbers  are  presented  in  Table  8.  SI'M 
micrographs  of  the  t inely  milled  constituent  powders  (mixture  of  R'  and  15R 
phase)  are  shown  in  Fig.  17.  The  formulation  for  the  ternary  mixture  of  R ' , 

1 and  X phase  is  given  in  Table  9.  Cylindrical  pellets  were  uniaxiallv 
pressed  from  the  different  composition  17  batches,  then  isostatically  repressed 
at  sO  ksi,  and  fired  in  BN  crucibles  without  powder  fill  (configuration  1,  see 
action  1 Tb II)  on  a schedule  consisting  ot  an  approximately  linear  ramp 
requiring  1 hour  to  reach  maximum  temperature,  followed  by  a 1 hr  soak  at  tempera 
t u re . 


4.  Sample  Evaluation 


Firing  temperature,  weight  loss,  and  density  data  are  recorded  In  Table  10. 

Two  pellets  were  placed  In  the  crucibles  for  each  firing,  and  the  irst  listed 
i'l  each  pair  was  uppermost  in  the  crucibK  . Note  that  the  weight  losses  incrcasi 
with  firing  temperature,  and  that  the  uppermost  ot  the  two  samples  in  each  t irinj 
exhibited  the  larger  weight  loss  and  apparent  porosity.  In  the  t irings,  care 
was  taken  to  position  the  crucibles  in  the  flat  portion  of  the  thermal  gradient 
ot  the  furnace,  so  that  the  variations  in  weight  loss  and  density  are  not  likelv 
to  be  the  result  ot  a thermal  gradient.  Although  the  crucibles  were  covered, 
thev  were  not  gas  t ight , and  vapors  generated  by  the  samples  escaped  at  the  top. 
Thus  a gradient  in  the  partial  pressures  ot  vapor  species  over  the  samples 
existed,  and  this  in  all  probability  accounts  lor  the  variable  weight  loss  and 
density  of  samples  occupying  different  posit  ions  ot  the  crucibles. 


)4 


TABLE  7 


DIFFRACTION 

PATTERNS  OF 

15R  AND  UNIDENTIFIED 

(U.)  PHASES 

15R  Phase 

U^  Phase 

d(A) 

I/IO 

o 

d(A) 

I/IO 

2.786 

70 

2.79 

16 

2.73 

70 

2.69 

32 

2.597 

100 

2.61 

100 

2.55 

25 

2.493 

30 

2.49 

20 

2.45 

35 

2.390 

50 

2.36 

70 

2.331 

15 

2.215 

12 

2.21 

20 

2.149 

12 

2.05 

8 

1.992 

4 

1.967 

12 

1.97 

8 

1.89 

16 

1.847 

25 

1.84 

6 

1.82 

40 

1.792 

20 

1.679 

7 

1.68 

4 

1.536 

10 

1.55 

14 

1.507 

60 

1.52 

70 

1.491 

12 

1.50 

16 

1.409 

4 

1.41 

10 

1.369 

17 

1.39 

11 

1.325 

25 

1.33 

35 

35 


BATCH  DATA  OF  PROCESS  1 SAMPLES 
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TABLE  9 

• 

FORMULATION  OF  6’  COMPOSITION  17 
(Si3Al303N5) 

* 

Phase 

Stoichiometric 

Weight  (a) 

w/o 

12Si2A10N3 

1694.28 

56.02 

3SiAl402N4 

672.15 

22.22 

lSi3Al6012N2 

658.17 

21.76 

= (10  Si3Al303N5) 

(3024.60) 

(100.00) 

* 

TABLE  10 

• 

FIRING 

CONDITIONS,  WEIGHTLOSS  AND  DENSITY 
FOR  PROCESS  1 SAMPLES 

DATA 

Density  Data 


Firing 

Conditions 

Firing 

Apparent 

Specif ic 

Bolk 

Sample 

Config- 

Temp 

Time 

Weight 

Porosity 

Gravity 

Density 

Number 

uration 

(°C) 

(hrs.) 

Loss  (%) 

(%) 

(g/cc) 

(g/cc) 

17.1 

1 

1750 

1 

5 

35 

3.07 

2.00 

17.2 

4 

17A.1 

1 

1750 

1 

5 

26.6 

2.92 

2.14 

17A.2 

4 

23.3 

2.89 

2.22 

17A.3 

1 

1775 

1 

11 

34.7 

2.91 

1.90 

17A.4 

9 

33.5 

2.98 

1.98 

17B.1 

1 

1790 

1 

29 

52.9 

3.23 

1.52 

17B.1 

13 

37.1 

3.10 

1.95 

(1)  See  section  II. B. 1.1 
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Micrographs  of  the  top  (more  porous)  and  bottom  sections  ot  sample  1 A.) 
are  shown  in  tig.  18.  These  are  typical  of  the  appearance  of  all  the  Table  10 
samples.  If  one  compares  the  appearance  of  t lie  largo  voids  in  the  body  with 
the  appearance  of  the  -100+200  mesh  X-phase  constituent  shown  in  fig.  IS.  it 
is  clear  that  when  the  X-phase  particles  melted,  liquid  penetrated  the  sur round ir.r 
matrix  of  fine  grained  11K  and  s'  particles,  leaving  behind  voids  having  the 
shapes  of  the  original  particles.  Since  the  13K  and  S'  particles  were  already 
bridged  into  a reasonably  rigid  structure  prior  to  the  melting  of  X-phase,  no 
gross  shrinkage  of  the  body  occurred. 

The  non-shrinking  characteristic  of  these  bodies  which  therefore  retain  a 
high  interconnected  porosity,  aggravates  the  vaporization  of  molten  X-phase. 
However,  even  where  loss  of  X-phase  liquid  was  low,  as  in  Tig.  18li,  no  substantial 
shrinkage  occurred,  and  the  voids  appear  to  be  near  perfect  replicas  of  the 
original  X-phase  particles.  It  thus  does  not  appear  feasible  to  develop  this 
concept  into  a successful  pressureless  sintering  process  for  dense  single  phase 
o'  bodies.  It  is  quite  possible  that  dense  single  phase  bodies  could  be  produced 
from  such  a system  using  pressure  sintering  technique  (uniaxial  or  isostatic 
hot  press  i ) • 

c . Process  2 , Bod  ies 

Compositions  involved  in  process  2 formulations  are  plotted  on  the  lt>50C 
isothermal  section  of  the  SijN*  - AIN  - AliOq  - SiO>  system  in  Pig.  19,  and 
are  expressed  in  terms  of  equivalent  percent  aluminum  and  oxygen  and  in  mole 
of  the  constituents  in  Table  11.  In  terms  of  Process  2,  compositions  which  fall 

TAB I : 1 1 

PROCESS  2 i i IMPOST T ONS 


ipos i t Ion 
iunbc  r s 

I'qu  iva  lent 
Al 

Percent 

0 

Mo  1 , 

e Percent 
A 1,0  , 

AIN 

27 

20 

20 

00 . 07 

ll.il 

0 

28 

20.4 

17.7 

40. 15 

2 1 . 08 

10.77 

10 

10 

10 

81 .22 

1 8 . 1 8 

0 

11 

30.  SO 

10.25 

18 . 10 

18  . 10 

’ 1 . 40 

12 

44 . 02 

27 . oo 

31.03 

1 1 . 0 1 

i ' . 04 

33 

42.80 

28.57 

13 . n 

13.31 

li." 

34 

13 

is 

80.47 

10.53 

0 

33 

33.33 

33.33 

50 

50 

0 

40 


•'  1 AHt  A 1 (Mt  AH  I OP  Of  OHlinm  I 1 


I'  » AH(  A ,NI  AR  HOrTOM  OF  CRUCIBl  f I 


J OOu 

18  Polished  Section  of  Sample  17A-  3 (21.7  w/o  -100  >200  M 
S3AI6O12N2  * 78.3  w/o  Retch  16A) 
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EQUIVALENT 


Fig.  19  Compositions  Involved  in  Various  Process  2 Formulation 
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TABLE  12 

MASTER  BATCH  FORMULATIONS 

Bfltch  Constituents  (grams)  Milling* 


Number 

SiiN4 

A1?0t 

AIN 

Technique 

KBI  Sn-402  Ward 

> | 

27.1 

36.67 

13.33 

0 

1 

rfl 

27.3 

64.18 

20.68** 

0 

2 

27  .4 

36.67 

13.33 

0 

i 

28.1 

32.09 

11.66 

6.25 

i 

'■i 

30.5 

86.1 

13.9 

3 

31  . 1 

48.00 

34.87 

8.57 

1 

* i 

34.1 

92.12 

5.23 

0 

2 

1 

35.1 

17.37 

12.63 

0 

i 

35.2 

49.53 

36.00 

0 

i 

j 

. 

*1)  16 

2)  90 

3)  3 

hours,  S^N^  media 
hours,  alumina  media 
hours,  alum ini  media 

**It  was  anticipated  that  2.64 
contributed  by  media  wear. 

grams  of 

Al^O^ 

would  be 
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in  the  B’-X  field  (i.e.,  27,  31  and  33)  served  as  master  batches  supplying  the 
fine  grained  Si^N^  and  AloO-j  constituents.  Formulation  and  processing  date  of 
these  and  other  master  batches  are  given  in  Table  12.  Processing  and  properties 
of  blended-batch  bodies  ith  compositions  falling  in  different  phase  fields  will 
be  discussed  separately. 

1 > B'  - 15R  Compositions 

With  the  exception  of  Sample  28.1.1  which  was  prepared  from  fine  grained 
powder  (master  batch  28.1),  bodies  with  compositions  in  the  8'  - 15R  field  were 
prepared  following  the  flow  sheet,  Fig.  20.  The  formulations  and  batch  blending 
methods  (see  section  IIBli)  are  presented  in  Table  13.  Both  as-screened  and 


TABLE  13 

FORMULATION  AND  PROCESSING 
OF  8 ' -15R  BLENDED  BATCHES 

Constituents Blending  Technique 


Batch  Master  Batch  AIN  Carbowax 


Number 

Number  Weight 

-100+200 

-200+325 

-325 

28.3 

27.1 

2.188 

0.312 

2 

28.4 

27.1 

2.188 

0.312 

2 

28.5 

27.1 

2.188 

0.312 

2 

28.6 

27.3 

2.188 

0.312 

2 

28.7 

27.1 

43.76 

6.24*  1 

3 

28.8 

27.1 

28.88 

4.13* 

3 

32.2 

31.1 

32.0 

3.0* 

3 

32.3 

31.1 

32.0 

3.0* 
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*Settled 


settled  A’ N tractions  were  employed.  Sample  fabrication  and  test  data  are 
presented  In  Table  14.  The  density  data  appear  to  be  quite  variable,  but  some 
general  trends  are  apparent.  All  of  the  fired  samples  of  composition  .’8  prepared 
from  particle  size  blends  sintered  to  substantially  higher  density  than  did 
the  control  sample  (28.1.1)  prepared  from  the  fine  grained  master  batch.  (The 
microstructure  of  28.1.1  was  shown  as  1’lg.  5).  The  initial  grouping  oi  compara 
tively  thick  cylindrical  samples  (28.3.1,  28.4.1  and  28.3.1)  prepared  using 
noil-settled  fractions  of  AIN,  slurry  blending,  and  high  isostatic  pressure  were 
substantially  more  dense  than  the  subsequent  bar  samples.  The  most 
probable  reason  for  this  varlabiity  in  density  has  to  do  with  the  sample  geometry 
as  will  be  seen  shortly.  The  density  data  for  the  bar  shaped  samples  suggests 
that  packing  the  samples  in  powder  of  the  same  compos  it  ion  lor  f ii  ing  tends 
to  increase  porosity  of  1 ired  sample  rather  than  decrease  it  as  was  at  I list 
supposed  would  be  the  case.  (Compare  data  for  samples  28.7.1  and  28.7.2,  and 
. I and  .4.  On  the  other  hand,  packing  samples  in  powder  having  the  composition 
ot  the  tine  grained  constituents  results  in  a substantial  increase  in  density 
compared  t o samples  fired  without  powder  packs.  (Compare  data  toi  samples 
1.  .1.1  and  .2  with  that  for  samples  32.2.  I and  .4).  These  eflects  are  probably 
the  result  ot  diffusion  of  Liquid  formed  by  the  reaction  of  the  fine  grained 
Si  iN/(  and  A1  >0(  const  ituents,  1)  out  of  the  sample  and  into  the  powder  pack 
(and  thence  to  t lie  atmosphere)  in  the  former  case  and,  2)  into  the  samples  from 
the  powder  pack  in  the  latter  case.  The  microstructure  ot  sample  28.3.1  is 
shown  in  fig.  21.  Note  that  the  (diametrically  sectioned)  pellet  shrank  more  on 
one  lace  than  the  other,  and  that  a less  dense  (depletion)  zone  ot  varying 
thickness  is  found  near  surfaces  of  the  pellet.  It  may  be  assumed  that  details 
ot  placement  of  samples  in  the  crucible  created  a differential  loss  ot  X phase 
s>  that  shrinkage  was  favored  at  the  upper  surface  as  pictured.  1'he  height  of  the 
t ired  cylinders  Is  about  0.25".  Note  that  the  less  dense  region  near  the  lower 
surface  extends  Into  the  cylinder  about  .06".  The  thickness  of  the  fired  bar 
samples  was  about  0.125"  so  that  given  symmetrical  depletion,  virtually  the 
entire  sample  becomes  depleted,  accounting  for  the  low  density  ol  these  samples. 
Micrographs  of  samples  28.7.1  and  28.8.1  are  shown  In  fig.  24.  Note  the 
rcsemblence  ot  these  microstructures  to  that  ot  the  deplet  ion  zone  in  fig.  218. 

1'he  remunts  ot  the  original  AIN  particles  are  easily  discerned  in  fig.  218, 
but  one  must  use  imagination  to  distinguish  the  remnants  in  the  interior  region 
in  fig.  21l'.  Higher  maguit  icat  ion  micrographs  ot  these  remnants  are  shown  in 
fig.  2)  where  it  can  be  seen  that  no  clear  interface  exists  which  defines  the 
oiiginal  particles,  there  being  only  a gradient  ot  porosity  and  ret  1 oc t Iv i t y . 

ICI'AX  silicon  and  aluminum  maps  taken  in  the  neighborhood  ot  a large  particle 
remnant  in  the  exterior  region  ot  sample  28.1.1  are  shown  in  fig.  t and  indicate 
that  the  composition  is  essentially  uniform  over  the  area  (save  for  the  voids). 
Similar  observations  were  made  in  the  Interior  ot  sample  28.3.1  and  Irom  samples 
28.4.1  and  28.5.1.  One  can  conclude  that  samples  of  the  subject  formulations 
approach  a uniform  compos  It  ion  (it  not  microstructure)  under  the  given  t iring 
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B.  SAMPLE  28.8.1 


Fig.  24  Polished  Sections  of  (/J  — 15R)  Samples  28.7.1  and  28.8.1 
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conditions.  As  will  be  seen  shortly,  this  is  not  always  the  <.  ase  with  pieces.- 
samples.  One  of  the  fired  samples  128. b. 11  was  crushed,  ground  t o 200  me::', 
.ltd  subjected  to  \Kl'.  The  diffraction  pattern  showed  a strong  pattern  for  8 1 , 
a weak  pattern  tor  the  1 5K  phase,  plus  an  unident  tiled  weak  peak  at  4.5  K. 

1’he  unmounted  halves  of  samples  28.3.1,  4.1  and  5.1  were  packed  in  powdet 
of  composition  27.1  and  heat  treated  for  10  hrs  at  1720°C.  It  wa  found  that 
the  result  of  the  additional  heat  treatment  was  to  increase  turt.hcr  the  den.-. it 
of  the  samples,  as  can  be  seen  by  comparing  the  microstructures  ot  heat  t reate 
•ample  78.3.1,  Fig.  25,  with  the  original  untreated  half  shown  in  fig.  21. 

1 DAX  ot  the  sample  again  .'-bowed  a homogeneous  distribution  of  aluminum  and  si  I 
Milt  t rom  the  polished  sort  ace  following  heat  treatment  showed  a pattern  tor 
' onlv.  The  mechanism  for  dens  i I icat  ion  of  the  pellet  packed  in  eomposil  ion 
27.1  powder  has  not  been  established,  but  in  all  probability  involved  the  sui 
dittusion  ot  \ phase  constituents  from  the  powder  pack  into  the  sample, thereby 
altering  the  overall  sample  composition. 

The  powder  pack  experiment  was  repeated  with  sample  28. b. 2 1 ante  nominal 
composition  as  28.1.1,  except  for  the  impurities  introduced  In  ball  milling! 
using  composition  28.1  powder  pack.  The  microstructures  of  samples  28. b. 2 bet 
and  after  heat  treatment  are  compared  in  Fig.  2b.  It  can  be  seen  that  again 
a dens  it  icat  ion  has  occurred,  thought  not  to  the  same  degree  as  with  sample 
2.1 . 1 . 1 . 


21  o'  Combos it  ions 

Since  the  fired  process  2 bodies  of  i’-l5R  composit  ions  were  excessively 
porous  unless  t ired  or  heat  treated  in  a > * — X phase  powder  pack  which  altered 
the  sample  sto lehiomet ry , attention  was  redirected  to  single  phas<  ' composit 
These  were  formulated  using  the  master  batches  described  in  Table  12  and  d i t t e 
ent  AIN  fractions,  as  described  in  Table  15.  Sample  preparation  and  test  data 
are  presented  in  Table  It'. 


TAW  F 15 

FORMULATION  A NO  PKOOKSS  1 Nil  OF  l ' Ul.FNUFIf  HATCH  FS 
Constituents  (gr. ims) 


Batch 

Mast  erba t eb 

AIN 

H 1 end i ng 

Numhe r 

Number  Weight 

Unscreen  20CH  125 

-325 

Tec  hn  upie 

33.1 

15.1 

5.0 

0.85 

1 

13.2 

11.1 

33.03 

2 . 03 

1 

33.3 

11  .1 

1 1.03 

2.03* 

t 

3 1 . 4 

15.2 

85.53 

14.47 
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b)  FURTHER  HEATED  for  10  HRS  AT  ,720°C 
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Fig.  26  Microstructure  of  Sample  28.6.1  Before  and  After  10  Hr  Heating 
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Many  of  the  same  observations  that  were  made  regarding  the  process  2F'— 15T. 
samples  also  apply  to  the  8 1 samples.  However,  as  anticipated,  in  general  the 
latter  samples  were  more  dense.  For  example,  test  bars  of  33.3  composition  fired 
to  1780  C for  1 hr  had  an  average  balk  density  of  2.73  g/cc  compared  to  tltat 
ot  the  closely  adjacent  B'-15R  composition  32.2  bars  fired  under  the  same 
condition  which  had  an  average  density  of  2.44  g/cc.  Again,  firing  of  test 

bars  in  a powder  pack  of  the  master  batch  31.1  resulted  in  enhanced  densif icat ion , 

as  seen  from  Table  lb  and  Fig.  27,  which  compares  the  microstructure  of  samples 
3 i.2.1  and  33.2.3. 

Note  also  in  Fig.  27,  that  both  samples  contained  a few  remnants  of  some 
oi  the  larger  original  AIN  particles.  Similar  remnants  were  observed  in  33.1 
samples,  as  shown  in  Fig.  28.  This  shows  many  particles  in  the  size  range  around 
25  to  lOOu  that  are  separated  from  the  surrounding  material  by  reaction  zones. 

Two  such  particles  are  flagged  with  arrows  in  the  upper  micrograph  of  Fig.  28, 
and  pictured  at  higher  magnification  below.  The  polished  section  was  examined 
with  SEM  and  EDAX,  and  silicon  and  aluminum  distribution  maps  obtained.  These 
are  shown  in  Fig.  29.  It  can  be  seen  that,  as  nearly  as  can  be  judged  from  the 

element  maps,  the  reaction  zones  have  an  Al/Si  ratio  characteristic  of  the  reacted 

body,  whereas  the  material  inside  the  reaction  zone  is  devoid  of  Si,  high  in  A1 , 
and  in  all  probability  is  unreacted  AIN.  Note  that  the  chief  differences 
between  samples  33.1.1  and  33.2.1  were  the  particle  size  fractions  of  AIN,  and 
the  firing  schedules.  Both  factors  would  favor  a faster  reaction  of  AIN  in  the 
case  of  33.2.1.  These  trends  are  verified  in  examining  the  microstructure  of 
samples  33.3.7  and  33.4.1  shown  in  Fig.  30.  Sample  33.3.7,  which  used  settled 
-32b  mesh  AIN  and  was  fired  to  1780°C,  is  virtually  free  of  unreacted  AIN,  whereas 
in  the  case  sample  33.4.1  which  was  fired  to  only  1710°C  (below  the  solidus 
temperature),  virtually  all  of  the  larger  AIN  particles  shown  thin  reaction  zones, 
with  most  of  the  AIN  remaining  unreated. 


Figure  30  is  most  instructive  in  terms  of  understanding  the  failure  of  the 
process  2 S'  and  t>'-15R  samples  to  densifv  fully  in  spite  of  the  fact  that  consid- 
erable liquid  forms  initially  when  samples  are  fired  at  temperatures  of  1750 
and  above.  Examination  of  Fig.  30B  shows  that  considerable  bridging  of  the  coarse 
particles  has  occurred  which  prevents  a uniform  fine-grained-matrix  shrinkage. 
Instead,  a distribution  of  large  pores  associated  with  bridging  of  coarse  particles 
is  generated.  If  one  compares  the  distribution  of  pores  in  samples  33.3.7  and 
13.4.1,  one  can  infer  that  when  the  solidus  temperature  is  reached,  large  voids 
tend  to  spheroidize  and  shrink  as  a result  of  general  shrinkage  of  the  body  in 
response  to  liquid  surface  tension  forces.  Simultaneously,  however,  the  system 
begins  to  solidify  as  liquid  is  used  up  in  reaction.  The  end  result  is  the 
spheroidize  character  1st ic  microstructure  consisting  of  a distribution  of  pores 
delineating  an  interconnected  structure  of  higher  than  average  density. 


A.  SAMI' l l .t: 
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Fhi  27  Polished  Sections  of  Piocess  2 Composition  33 
Fired  With  and  Without  Povvdei  P.uk 
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Polishttil  Sections  of  St.K|i'  2 Composition  33  Samples  Compounded 
tiom  Ddfeient  Batch  Immolation 


The  degree  to  which  pores  have  become  isolated  can  be  assessed  by  examining 
the  apparent  (open)  porosity,  bulk  density,  and  specific  gravity  data.  Of  all 
the  samples  for  which  specific  gravity  data  listed  in  Table  16,  the  only  samples 
that  exhibited  an  average  specific  gravity  value  equal  to  the  X-ray  density 
of  Si^Al^O^N,.  (px  " 3.08)  were  the  33.4  compositions  fired  at  1710°C.  Under 
these  firing  conditions  all  the  porosity  was  interconnected,  and  the  apparent 
porosity  equaled  the  total  porosity  calculated  from  the  ratio  of  bulk  density 
to  specific  gravity.  The  remaining  samples  have  lower  specific  gravities 
indicating  that  closed  porosity  exists.  The  total  porosity  can  be  calculated 
from  ratio  of  the  bulk  density  to  X-ray  density,  and  the  difference  between  this 
and  the  apparent  porosity  is  the  closed  porosity.  Thus  for  sample  33.2.3  (Fig. 
27B)  the  total  porosity  is  6.5  percent,  apparent  (open)  porosity  1.6  percent, 
and  closed  porosity  4.9  percent.  The  total  porosity  thus  calculated  is  an  agree- 
ment with  porosity  measured  by  statistical  methods  from  Fig.  27B. 

Because  a mechanism  exists  which  tends  to  entrap  closed  porosity  during 
process  2 fabrication,  the  goal  of  fabricating  fully  dense  bodies  by  this 
technique  appears  difficult  to  achieve. 

3)  8 '-O'  and  B'-O'-X  Compositions 

The  various  composition  30  blended  batches  are  given  in  Table  17.  Batches 


TABLE  17 

FORMULATION  AND  PROCESSING 
6'  BLENDED  BATCHES 


Constituents  (grams) 


Batch 

Masterbatch 

SiiN4 

Blend ing 

Number 

Number 

We ight 

-100+200 

-200+325  -325 

Techn 1 quo 

30.1 

27.1 

1.305 

1.195  / 

2 

V rushed 

30.2 

27.1 

1.305 

0.800 

0.325  Icyl  Inders 

0 

30.3 

27.3 

1.305 

/ 

1 .195* 

30.4 

27.1 

35.0 

320*  Ward 

^ 7*  * 

♦Settled 

A A 

2 w/o  carbowax  added 
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10.5  .nul  it . 1 wore  master  I’atohos  Included  in  Tal'lr  1.’.  Ropvosn  i at  ivc  opt  it 
transmission  micrographs  ot  the  settled-out  tract  ton  ol  Wait!  ;•  Si  r N.,  powdot  used 
as  a const  ituont  in  hatches  10.4  and  30.3  are  shown  in  lie. . il  . lahrie.it  it'n 
and  test  data  for  the  vat  ions  compos  it  ion  10  ami  is  samples  are  presented  in 
fable  18. 

fhe  cylindrical  test  specimens  were  cut  in  hall  diametrically.  One  ol  .sell 
ot  the  halves  were  prepared  tor  melallographie  examination.  The  olliei  halves 
were  packed  in  batch  37.1  powder  and  heat  treated  for  10  hrs  at  1 730‘Y,  then 
prepared  for  metal  I ograph ic  examination.  figures  12  and  31  show  the  micro 
structures  ot  t i rod  and  heat  treated  samples  10.1.2  and  10.3.1  n spiv  t ivelv. 

M ic rost rue t ures  ot  samples  10.4.1  and  10.5.1  are  shown  in  Fig.  3s. 

Again,  the  main  conclusion  to  he  drawn  from  these  test  data  am!  micro. true 
turns  is  that  bridging  ol  the  coarse  part  teles  (which  is  aggrevaled  in  the  > a; . 
ot  the  oomposit  ion  10  samples  because  ot  the  higher  percentage  ot  the  coat  si 
tract  ion)  prevents  a uniform  bulk  shrinkage,  and  leads  to  the  entrapment  ot 
vi-rv  large  voids.  (The  coarse  h 1 grains  are  visible  under  the  microscrope  ami 
in  the  original  micrographs,  hut  the  very  low  contrast  mav  vender  t hesc  uml  i 
rentable  in  the  report  t iguros)  . it  is  also  apparent  in  the  m ii1 1 ,i  aphs  that 
the  samples  prepared  using  the  crushed  and  sired  grinding  cvl imh  i . lot  the 
coarse  StjN.(  fraction  sintered  to  a much  higher  density  than  the  samples  pro 
pared  using  the  Ward  Si)N(.  This  was  particularly  the  ease  with  the  samples 
prepared  using  master  hatch  37.1  as  the  fine  fraction.  This  enhanced  densiti 
cat  ion  is  umloubt od 1 \ the  result  ot  the  lluxing  act  ion  of  the  vei v high  iron 
concent  r. it  i on  in  the  8 i , N/(  grinding  cylinders.  This  has  led  to  the  generation 
of  a very  high  concentration  ot  iron  silicide  inclusion:;  in  the  sintered  bodies 
particularly  oveldont  in  Fig.  33R. 


I'.  Process  1 Bodies 

Processes  1 and  .’  both  led  to  bedim  that  ixhibited  high  pot  ' Itv,  althougl 
the  pot  os  i t v appeared  to  he  generated  h\  d i f t event  mechanisms  in  t he  two  cases. 
Process  .’  studies,  however,  did  Indicate  that  hedtes  containing  verv  disparate 
part  iclo  sizes  ol  const  ituouts  could  tu'  wade  chemically  homogcncon  ■ (within  ' • 

tesolul  ion  ot  FPAX)  hv  ditlusion.il  processes.  this  suggested  the  possibil  it\ 
that  reas.onably  small  , dense  s'  \ phase  bodies  lould  be  converted  I c i bodie- 
I v dt  t this  tonal  processes. 

Dense  f’-X  phase  bodies  wore  fabricated,  aid  some  base  line  test  data  genera 
led.  Concurrently,  pack  diffusion  studios  were  begun.  Property  data  will  be 
discussed  later.  fhe  fabrication  and  pack  diffusion  studies  are  described  below. 


100^< 


Fig  31.  Representative  Optical  Transmissions  Micrographs  (1.77  Immersion  Oil)  of 
Settled  Fraction  of  Ward  (J  Si3l\l4Powder 


a)  FIRED  TO  1760°C  FOR  2 HRS 
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b)  FIRED  AN  ADDITIONAL  10  HRS  AT  1720°C 
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Figure  32  Microstructure  of  (j/_  O*—  Composition  30.1.2  Before  and  After  10  Hr  Heat 

Treatment  of  1720°C 
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Fit)  34.  Polished  Sections  of  Process  2 Composition  30  (.  0)  Samplei 


B SAMPI  E 30.5.1 
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1>  Preparat  ton  and  Micros!  ructure  of  S'  X Phase  Samples 

Samples  were  fabricated  from  master  batches  given  in  Table  1.'.  Fabric  at  ion 
and  test  data  are  presented  in  Table  19.  Polished  and  etched  sect  ions  of  samples 
2 ' . 3 . 3 and  11.1.1  are  shown  in  Figs.  35  and  3b  respectively.  Higher  magnifica- 
tion micrographs  of  the  etched  samples  aie  shown  in  Fig.  37.  Althoagh  t lit’  porosity 
data  oi  Table  19  indicates  zero  apparent  porositv  for  all  the  samples,  the 
polished  sections  disclose  some  closed  porosity.  In  batch  27.1  samples,  onlv 
a few  closed  pores  on  the  order  of  1 Op  in  d iamet or  are  present.  Some  regions 
that  could  either  be  rich  in  second  phase,  or  contain  raicroporosit v. are  visible 
in  the  polished  section,  but  details  cannot  be  c'earlv  resolved.  These  areas 
are  more  prominent  in  the  etched  section,  suggest  ing  that  they  could  be  areas 
rich  in  a glassy  phase.  However,  SEM  micrographs  of  fracture  surfaces  to  be 
shown  later  disclose  that  some  regions  of  mlcroporosi t v do  exist  in  batch  • ' sav 
A so  noteworthy  in  the  microstructure  of  all  of  the  composition  27  samples  is 
their  virtual  freedom  from  metallic  includions  that  invariably  occur  when 
significant  smaple  decomposition  has  occurred. 

In  contrast  to  samples  of  composition  27,  the  composition  '1  samples  show  a 
considerable  concent  rat  ion  of  closed  pores  ranging  in  diameter  up  to  about 
30n . The  more  complete  dens  1 f icat ion  of  the  composition  27  sample  compared  with 
the  composition  11  samples  under  identical  t irinp.  conditions  mav  be  related  to 
the  fact  that  the  former  composition  part  it  ions  to  a higher  volume  tract  ion  of 
liquid  phase  at  the  firing  temperature  than  does  the  latter.  This  can  be  seen 
in  a qualitative  way  by  examining  Fig.  19.  Drawing  a line  through  composition 
p<  hits  27  and  X phase  and  extending  this  to  the  f 1 homogeneity  line  os  tab  l i sites 
tie  7'  composition  in  equilibrium  in  X phase.  Assuming  the  X phase  composition 
ti  be  that  of  the  liquid  and  applying  the  lever  rule  shows  that  composil ion  27 
would  have  almost  twice  the  concentration  of  liquid  as  composition  1.  (.This 
exercise  can  be  done  quantitatively  by  plotting  the  composition  pouts  on  Fig.  2, 
and  drawing  tie  lines  between  liquid  and  f'  compositions  parallel  to  those 
established  bv  Naik.)  While  examining  Fig.  19,  it  can  be  noted  that  the  S' 
consituent  of  the  body  having  an  overall  composition  27  has  the  composition 
12  e/o  Al,  8 e/o  ti,  or  about  Si'^Al  r,0  ^ . Ibis  represents  s'  composil  ion 

with  the  lowest  Al  concentration  that  can  be  expected  as  the  major  phase  in  a 
sinterable  body  which  does  not  contain  additional  components. 

21  Powder  Pack  Studies 

Samples  27.  3,  . h , .7,  and  .8  were  heated  to  I600°lf  for  13  hrs  in  a powder 
of  composition  SiAl  (13K  Phase).  XKP  pattens  were  obtained  from  the 

rcicted  surface,  and  from  internal  surfaces  exposed  by  grinding  aw.it  material 
tit  different  depths  below  the  original  surface.  \ photoreduct  ion  ot  the  dill 
ructometer  traces  obtained  from  sample  27. 3. n in  this  fashion  arc  compared  to 
that  obtained  from  the  surface  of  the  untreated  simple  27.3.2  in  Fig,.  38. 
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A.  POLISHED 


B.  ETCHED 


Fig  35.  Polished  and  HF  Etched  Surfaces  of  (p'-  X)  Sample  27.3.3 
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B.  ETCHED 


A.  27.3.3 
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Fig  37.  Comparison  of  the  Microstructure  of  (/-X)  Samples  27.3.3  and  31.11 
at  High  Magnification 


D.  UNREACTED  SURFACE 
OF  SAMPLE  27.3.2 
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Fig  38.  XRD  Patterns  Obtained  from  Surfaces  of  0-X  Phase  Sample  27.3.2 
and  Sample  27.3.6  Heat  Treated  15  Hours  at  1600°C  in  Powder  of 
Composition  4AINi  Si02 
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Note  chat  the  patterns  obtained  0.010"  and  0.015"  below  the  surface  of  27.3.6 
are  virtually  Indistinguishable  from  that  of  the  unreacted  sample.  The  weak 
orosshatehed  Lines  in  the  patterns  are  the  strongest  peaks  of  X pliase.  Note 
that  there  is  little  if  any  diminution  in  Intensity  of  the  X phase  peaks  in 
traces  B and  C relative  to  trace  D.  There  is  a substantial  diminution  in 
intensity  of  the  X phase  peaks  at  the  surface,  to  the  point  where  they  are  of 
the  same  order  as  the  background  noise.  Also  note  a broadening  and  shift 
two  higher  d spaeings  of  the  6'  peaks  in  the  surface  trace,  particularly  the 
(101)  peak. 


Samples  27.3.9,  .10  and  .11  were  similarly  heat  treated  in  15R  powder  at 
1600°C  for  50  hrs.  After  tills  heat  treatment  a marked  change  had  occurred  in  the 
sample.  A highly  stressed  surface  layer  had  formed  which  tended  to  spall  from 
the  sides  of  the  test  bars.  Photographs  of  the  top  and  side  faces  of  heat  treated 
bar  27.3.9  are  shown  in  Fig.  39A  and  B.  The  shape  of  the  spalled  regions  suggests 
that  compressional  stresses  exist  in  the  reaction  layer.  After  being  phot ographed , 
the  bar  was  mounted  in  resin  and  a polished  cross  section  prepared.  A micro- 
graph ot  the  cross-section  is  shown  in  Fig.  39C.  It  can  be  seen  that  a reaction 
rim  penetrates  to  a depth  of  at  least  250p  (0.010").  Below  this  (and  to  the 
center  of  the  cross  section)  the  sample  exhibits  a grainy  microstructure  quite 
different  from  that  of  the  original  sample.  (Compare  with  Fig.  35A) . 

XRD  patterns  were  taken  from  the  external,  and  various  internal  surfaces  of 
sample  27.3.10  and  a photoreduction  of  these  as  shown  in  Fig.  90.  The  diffraction 
pattern  obtained  from  the  surface  shows  B ' peaks  that  have  become  broadened, 
reduced  in  intensity,  and  shifted  to  higher  d values.  A single  strong,  broad 
peak  at  2.63  X is  superimposed  on  the  B'  pattern.  This  could  be  the  strongest 
peak  of  the  15R  phase  (or  possibly  the  U Phase)  pattern  given  in  Table  7. 

Below  the  reaction  rim,  (i.e.,  0.010"  below  the  surface)  and  to  the  center  of 
the  sample  (0.050"  below  the  surface),  the  B'  pattern  is  broad  and  reduced  in 
intensity,  but  the  X phase  pattern  is  still  present,  being  broadened  and  reduced 
in  intensity  in  roughly  the  same  ratio  as  the  B'  phase  pattern.  From  the  above 
experiments  it  is  apparent  that  it  is  not  possible  to  convert  grain  boundary  X 
phase  to  the  6'  phase  by  a pack  diffusion  process  and  still  maintain  a sound 
spec imen . 


R.  Properties 


I)  Flexural  Strengths 

Flexural  strength  values  for  selected  samples  were  recorded  in  Tables  16 
IB  and  19.  The  average  room  temperature  strength  of  process  26'  samples  (Table 
16)  was  l 10  MPa  (16  ks O and  that  of  the  process  26 ’-O'  samples  (Table  IB)  was 
115  (17  ksi).  A representative  fracture  surface  of  the  6'  group  (sample  33.1.1) 
is  shown  in  Fig.  91,  and  from  the  B'-O  group  (sample  30.9.9)  in  Fig.  92.  In 
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A TOP  SURFACE  (x7) 


B.  EDGE  SURFACE  (x  1 4 ) 


C.  POLISHED  AND  ETCHED  CROSS  SECTION 


Fig  39. 


Macro  and  Micrographs  of  Sample  27.3.9  after  Heat  Treatment 
in  4 AINSi02  Powder  at  1600°C  for  50  Hrs. 
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Fig.  42  Fracture  Surface  of  Sample  30.4.4 


both  instances  (as  in  all  cases  examined)  fracture  initiated  in  the  neighborhood 
of  a large  pore  at  or  near  the  tensile  surface.  The  more  dense  B'-X  phase 
samples  (Table  19)  had  an  average  room  temperature  strength  of  250  MPa  (36  ksi) . 
The  samples  prepared  from  batch  27.3  were  consistently  stronger  (average  value 
310  MPa,  45  ksi)  than  the  samples  prepared  from  batch  27.1  (average  value 
195  MPa,  28  ksi).  In  both  sets  of  samples,  fractures  initiated  at  isolated 
voids  exemplified  in  Figs.  43  and  44.  The  average  1370°C  strength  for  batch 
27.3  samples  was  267  MPa  (39  ksi)  and  that  of  27.4  samples  was  290  MPa  (42  ksi). 
Strength  at  1370°C  was  still  controlled  by  large  isolated  voids  as  exemplified 
by  in  Fig.  45.  This  contrasts  strongly  with  the  fracture  behavior  of  previously 
fabricated  samples  (Ref.  5,  pp.  63-66)  having  composition  closer  to  the  A1  rich 
end  of  the  B'  solid  solution  limit.  In  the  latter  case,  strength  at  1370°C  was 
limited  by  the  intergranular  phase  to  about  180  MPa  (26  ksi). 

The  average  room  temperature  and  1370°C  strength  of  batch  27.3  samples 
and  the  average  1370°C  strength  of  the  batch  27.4  samples  are  plotted  on  Fig.  46, 
and  the  data  compared  to  that  for  hot  pressed  Si^N^  (NC-132)  and  two  reaction 
sintered  bodies  (Ref.  8).  The  strength  of  the  SiAlON  bodies  is  seen  to 

be  comparable  to  that  of  NC-350;  somewhat  stronger  at  room  temperature  and  not 
as  strong  at  1370°C. 

The  voids  that  control  the  strength  of  B'-X  samples  both  at  room  temperature 
and  at  1370°C  must  be  considered  as  processing  flaws,  and  it  is  assumed  that 
elimination  of  these  defects  through  processing  refinements  could  result  in 
substantial  improvement  in  high,  as  well  as  low  temperature  strength  of  the 
SiAlON  bodies. 

2)  1370°C  Creep 

The  1370°C,  10  ksi,  creep  curve  for  B'-X  phase  sample  27.3.15  is  presented 
in  Fig.  47.  The  secondary  creep  rate  calculated  from  the  curve  is  1.5  x 10~ 
hr-l.  This  point  is  plotted,  along  with  previous  data  from  Ref.  5 and  literature 
data  for  an  MgO  doped  Sialon  (Ref.  6),  two  hot  pressed  Si^N^  bodies,  and  two 
reaction  sintered  S^N^  bodies  (Ref.  7)  in  Fig.  48.  The  creep  rate  is  seen 
to  be  comparable  to  that  of  the  65C  Sialon  material,  less  than  that  of  NC-132 
but  much  greater  than  that  of  RSSN  Materials.  It  is  presumed  that  batch  27.4 
materials  should  exhibit  lower  creep  than  27.3  because  of  the  higher  purity, 
especially  the  freedom  from  low  melting  constituents  introduced  by  the  high 
alumina  grinding  media.  The  effect  of  these  impurities  is  discussed  below. 

3)  Oxidation  Behavior 


Weight  gain  data  for  several  of  the  SiAlON  bodies  are  summarized  in  Table 
20.  All  of  the  B'-X  phase  samples  tested  showed  no  measurable  weight  gain 
after  iQO  hrs  exposure  to  air  at  1000°C.  Weight  gains  at  1400°C  were  small. 


Fig.  43  Room  Temperature  Fracture  Origins  of  Sampler  27.1.3  and  27  1.4 


A.  SAMPLE  27.4.2 


Fig-  45  1370°C  Fracture  Otigms  of  Sampler  27  4 2 and  27.4.3 


TEMPERATURE,  °C 


Fig.  46  Flexural  Strength  of  Some  S^IVU  and  Sialon  Materials 
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TABLE  20 


OXIDATION  DATA  FOR  SiAlON  SAMPLES 
1000°C,  100  hr  Data 

Samples  27.1.2b,  27.3.13b,  27.4.1b,  and  31.1.1b: 
No  weight  gain  (+  0.00003  g) 


1400°C  Data 


(")2 

(r2 

cm  x 10^) 

Sample 

Number 

(Hrs)  1 

5 

72 

27. 1 .2a 

0.04 

0.8 

2.0 

27.3.13a 

1 .0 

4.0 

17.0 

27.4.1a 

0.04 

0.5 

1.5 

31.1.1a 

0.00 

0.09 

0.6 

rate  constant* 


(g2  cm  4 


t 1 x 1010) 


1.7 

18.0 

1.4 

0.8 


NC-132 


270 


*Assuming  parabolic  kinetics  for  3 hr  < t < 72  hrs 


The  parabolic  oxidation  rate  constants  for  the  various  SiAlONs  are  compared  with 
that  of  hot  pressed  HS-130  (Ref.  9),  and  are  seen  to  be  orders  of  magnitude 
less.  No  such  simple  comparison  can  be  made  with  the  oxidation  behavior  of 
RSSN.  These  materials  tend  to  exhibit  a high  initial  weight  gain  followed  by  a 
very  flat  weight  gain  vs.  time  curve.  The  initial  weight  gain  is  a function  of 
the  density  of  the  RSSN,  and  tends  to  be  greater  at  intermediate  (1000°C)  tempera- 
tures (Refs.  10,  11).  For  both  NC-132  and  RSSN,  strength  tends  to  fall  after 
exposure  to  air  at  high  temperature.  Strength  after  long  term  oxidation  exposure 
has  not  been  measured  for  the  Sialon  materials.  However,  micrographs  of  polished 
cross  sections  of  oxidized  samples,  shown  in  Fig.  49,  suggest  that,  at  least 
for  batch  27.4  formulations,  strength  would  be  unimpaired,  since  there  is  no 
visible  degradation  of  the  surface. 
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Examination  of  the  polished  cross  sections  shows  differences  in  the  oxide 
scale  thickness  that  correlate  with  the  relative  weight  gains  of  the  samples. 

It  can  be  seen  that  sample  27.4.1,  which  was  prepared  using  SN402  SijN^  and 
milled  with  SijN^  media,  has  a grain  structure  and  scale  that  cannot  be  re- 
solved in  the  micrograph.  Sample  27.1.2  prepared  from  KBI  and  also 

milled  with  media  exhibits  some  significant  porosity,  and  has  a relatively 

thin  scale  averaging  about  4p  in  thickness.  In  contrast  to  these  samples,  27.3.13, 
which  has  the  same  chemical  constituents  of  27.1,2  but  was  milled  with  high 
alumina  media,  exhibits  a fairly  thick  scale  of  15  or  20u . From  the  media  weight 
loss  and  composition  (Table  4)  one  can  calculate  that  batch  27.3  picked  up  about 
0.04  grams  or  0.05  w/o  of  foreign  oxides  from  the  media,  all  of  which  are  fluxes 
from  Si02.  It  is  reasonable  to  assume  that  the  more  rapid  oxidation  of  sample 
27.3.13  compared  to  the  other  four  samples  milled  Si^N^  media  is  the  result  of 
the  fluxing  of  the  scale  by  these  impurities.  It  may  also  be  postulated  that 
these  impurities  are  concentrated  in  the  grain  boundary  phase(s)  in  batch  27.3 
samples,  where  there  fluxing  action  would  substantially  alter  the  elevated 
temperature  mechanical  properties  of  the  body. 

4)  Oxidation-Erosion  Behavior 


Difficulties  were  experienced  in  obtaining  reproducible  firing  conditions  and 
long  term  temperature  stability  during  erosion  tests  at  Mach  0.8  flame  velocity. 
These  problems  were  aggravated  by  the  fact  that  heat  transfered  from  the  flame 
to  materials  tested  (S'-X  phase  composition  27.3  and  NC-132)  was  different, 
possibly  because  at  differences  in  emisivity  and  thermal  conductivity.  Torch 
settings  that  heated  sample  27.3.1  to  a nominal  temperature  of  1400°C,  heated  a 
NC-132  sample  to  only  around  1270°C.  This  was  the  maximum  temperature  to  which 
the  NC-132  samples  could  be  heated  with  the  torch.  Different  propane : oxygen 
ratios  were  then  required  to  heat  27.3.2  to  1270°C  as  were  used  for  NC-132  and 
still  maintain  the  correct  chamber  pressure  for  Mach  0.8  operation,  so  that  the 
t lame  stoichiometry  was  quite  different  for  the  two  materials.  Thus  a qualitative 
comparison  of  the  erosion  characteristics  of  the  two  materials  was  impossible. 

SEM  photographs  of  the  flame  impingement  region  of  Sample  27.3.2  after 
tiring  to  a nominal  temperature  of  1270°C  for  3 hrs  are  shown  in  Fig.  50. 

JW  f iculty  was  experienced  in  obtaining  good  resolution  in  the  SEM  because  of 
tendency  of  the  sample  to  become  electrically  changed,  particularly  in  the 
eroded  region.  It  can  be  seen  in  the  high  magnification  photograph  that  there 
was  no  evidence  for  flow  of  material  at  this  temperature.  The  grainy  appearance 
of  the  eroded  surface  is  on  the  same  scale  as  the  graininess  exhibited  by  the 
polished  section  (see  Fig.  49).  However  the  grain  boundaries  are  very  prominent 
on  the  eroded  surfaci  and  appear  to  have  been  etched  by  the  flame. 
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This  sample  was  found  to  be  cracked  when  It  was  unclamped  from  the  support 
blocks.  The  edges  of  the  cracks  as  seen  in  the  lower  photograph  are  sharp  and 
not  excessively  eroded,  which  suggests  that  the  crack  occurred  during  cooldown. 
The  crack  may  herald  a thermal  shock  problem  with  this  material;  this  remains 
to  be  investigated.  Sample  27.3.1  tested  at  1400°C  did  not  crack.  SEM 
photographs  of  Sample  27.3.1  are  shown  in  Fig.  51.  Here  the  central  region 
is  seen  to  be  pitted  on  a scale  of  about  lOOp  (.004").  The  "land"  between 
pits  has  a graininess  on  the  order  of  that  seen  in  Figs.  49  and  50.  There 
appears  to  be  a rim  of  once-molten  material  (presumable  the  glass  oxidation 
product)  around  each  pit,  but  there  does  not  seem  to  be  a general  transport  of 
matter  down  stream  as  one  might  imagine  would  be  the  case.  The  mechansim  of 
this  pit  formation  is  not  clear  at  the  present  time,  but  may  involve  the  fluxinu 
of  grain  boundaries  by  the  oxidation  product. 


SEM  photographs  of  the  surface  of  NC-132  subjected  to  Mach  0.8,  1270°C 
flame  for  2 hrs  as  shown  in  Fig,  52.  A severe  charging  problem  with  this  sample 
made  SEM  Imaging  difficult.  The  grains  on  the  surface  of  the  impinged  region  are 
coarse  compared  to  27.3  samples.  Again,  material  appears  to  have  been  etched 
1 1 i'm  between  grains,  as  with  Sample  27.3.2.  Thus  for  both  materials,  the 
etoslon  mechanism  at  1270°C  and  Mach  0.8  seems  to  involve  first  an  etching  of 
grain  boundaries  followed  by  Its  mechanical  removal  of  unsupported  grains. 
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Firj.  51  Surface  ol  Samples  37.3.1  Subjected  to  Mach  0.8,  1400°C  I lame  foi  2 HRS 
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IV  SUMMARY  AM)  CONCLUSION 


Attempts  were  made  to  produce  single  phase  b'  si3-xAlx°xN4-x  ceramic 
ceramic  bodies,  as  well  as  two  phase  bodies  having  compositions  in  the  S'  - 15R 
(Si  A1^02N^SS)  anc*  O'  (Si2N20ss)  phase  fields.  Different  approaches 
to  using  a transient  liquid  to  promote  sintering  were  investigated. 

The  first  approach  tnat  was  studied  employed  mixtures  of  fine  grained 
compatible  phases  s'  and  15R  with  coarse  grained  X phase  (Si^Al^O^^)  • 

It  was  postulated  that  lack  of  intimate  contact  between  incompatible  phases 
vould  hinder  solid  state  reaction  that  would  otherwise  consume  X-phase  during 
teat  up.  It  was  further  postulated  that  when  the  sample  reached  the  melting 
point  of  X phase,  liquid  would  form  and  wet-out  and  consolidate  the  body.  These 
posulates  were  correct  in  all  respects  except  that  of  consolidation.  What  in 
fact  occurred  was  that  the  fine  particles  bonded  into  a porous  structure 
during  heat  up.  When  liquid  formed,  it  ran  into  the  pores  of  the  structure 
leaving  behind  voids  that  were  replicas  of  the  original  X-phase  particles,  and 
no  gross  shrinkage  or  dens  1 f icat ion  occurred. 

While  this  result  is  discouraging  trom  the  standpoint  of  producing  a 
dense  6'  body  by  pressureless  sintering,  it  did  demonstrate  that  segregation  of 
X-phase  into  large  particles  will  yield  liquid  at  the  melting  point,  where  this 
would  not  occur  in  an  al 1-f ine-grained  formulation.  This  could  therefore  be 
the  basis  for  hot  pressing  to  theoretical  density  a fine-grained  body  of  single 
ft'  phase  composition. 

The  second  approach  that  was  studied  employed  a fine-grained  mixture  of 

SijN^  and  Al20-j  with  a coarse  grain  fraction  of  AIN.  In  this  system 

it  was  posutlated  that  isolation  of  the  AlN  constituent  of  a S'  formulation 

would  again  hinder  solid  state  reaction  during  heat  up  so  that  the  fine-grained 

SijN^  and  Al20j  constituents  would  react  to  form  a B*  composition  and 

liquid  above  1750°C.  While  some  net  shrinkage  occurred  with  this  system,  it 

. ppeared  that  bridging  of  the  coarse  particles  prevented  a uniform  fine-grained- 

matrix  shrinkage.  Large  pores  associated  with  bridged  particles  were  generated 

lesultmg  in  a very  coarse  microstructure.  The  original  large  AIN  particles 

Mine  the  less  were  converted  to  B'  Si-,  a1  0 N,  , and  the  bodies, 

j-x  x x 4-x’  ’ 

through  coarse  grained,  appeared  chemically  homogeneous  as  judged  trom  LDAX 
element  maps  of  Si  and  Al. 

The  third  approach  that  was  investigated  was  the  heat  treatment  of  dense 
t> ' -X  phase  bodies  packed  in  15R  by  diffusion  via  the  grain  boundary  X-phase. 

Heat  treatment  at  1600°C  tor  !>0  hrs  converted  the  surface  for  a depth 
of  about  .010"  (230p)  to  a highly  stressed  mixture  of  expanded  S'  and  a second 
phase  that  could  not  be  positively  identified  by  the  single  strong,  broad, 
extraneous  diffraction  line.  This  stressed  layer  tended  to  spall  from  the 
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interior  body  which  remained  a mixture  ot  t5 ' and  X-phase.  Both  t » r a ' and 
> -phases  in  the  interior  exhibited  diffraction  jeaks  wliich  were  g . at  ly  broad- 
« ned  and  diminished  in  intensity. 

From  the  above  exper . ments  one  can  conclude  that  it  is  higlil'  unlikely 
tiiat  a pressureless  sinteiing  technique  can  be  devised  that  can  > . Id  fully 
cense  bodies  ot  a'  composition  (or  b ' “X  cr  a'"*-')  although  fully  d nse  bodies 
i t overall  b'  composition  could  probably  be  produced  bv  hot  press  ig  using 
tiu-  isolated  X-phase  technique. 

bodies  of  b ' 'X  phase  compositions  can  be  easily  sintered  to  car  theo- 
tetical  density.  There  is  evidence  to  suggest  tiiat  the  preferred  s'  com* 
(ositi.n  as  far  a>  mechanical  and  thermal  properties  are  concerne  1 would 
le  that  with  the  highest  hi-^N^  content  (Kefs.  It  , 11,  12).  The  b'  composi- 
t ion  with  the  highest  Si^N^  concentration  that  can  be  expected  as  the 
oajor  phase  in  a sinterable  body  that  does  not  contain  extraneous  liquid 
iroducing  components  is  about  Si,  ^Al  Samples  were  tab  i- 

iated  which  had  a compos  it  ion  20  t/o  Al,  20  t/o  0.  This  composit'.n  should 
I art  it  ton  into  ve:v  nearly  80  w/o  t>'  Si.,  ^Aly  ^ ^ S i ^ plus  0 

\ /o  X-phase.  The  .e  samples  were  evaluat'd  in  ttr.as  of  room  tompei.tuvi  and 
i370'\l  flexural  strength,  1 1 70°t  tlexurn*  creep,  1000  and  1400‘ t -Mia- 
i ion  behavior  and  Mach  0.8  t lame  erosion  at  127t  Mechanical  am*  oxid.it  ton 

test  results  are  compared  with  literatuii  data  tor  hot  pressed  St  ,h, 
t Nt -132)  and  reaction  sintered  Si (Nt  3S0  art  KSl  KSSN).  The  t length 
it  SiAlON  bodies  was  comparable  to  tiiat  >t  NO- 3*0  at  room  temperature  and 
1370°0.  Strength  was  controlled  by  proct  ssing  t laws  (voids)  at  b th  tempera- 
i ures,  and  is  therefore  subject  to  itaprot  ement  vith  processing  ret  moments, 
t reep  rate  at  I37ti  was  less  than  that  ot  NC-132  but  much  higher  tl  . n tiiat  ot 
the  KSSN  materials.  Oxidation  behavior  w.  s superior  to  either  hot  pressed  or 
teaction  sintered  Si^N, . 
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